In order to meet the requirements of future worldwide emission legislation, new improved designs of catalytic converters will be introduced for mass production. Substrates featuring high cell density combined with ultra thin walls offer significant improvements in catalytic efficiency, because of the increased geometric surface area and the reduced thermal mass. At the same time, the position of the catalytic converter within the exhaust system will be moved closer to the engine. In order to guarantee these mechanical durability of the new substrates under increased thermal and mechanical stress, new test procedures are required. This paper presents an examination of the thermal and mechanical loads relating to various engines and an evaluation of a new representative test procedure.
INTRODUCTION
Global environmental protection efforts are manifested in more stringent exhaust emission limits in all countries throughout the world. Countries such as India, Taiwan and China are signing up to the existing and future limits. As a result, it is possible to reduce pollution with regard to the regulated pollutants -hydrocarbon (HC), carbon monoxide (CO) and the nitrogen oxides (NOx), despite the globally increasing volume of vehicles. Vehicles which comply with the new Californian SULEV (Super Ultra Low Emission Vehicle) values are actually capable of cleaning the environment in areas with high background emissionse. This represents a substantial advantage over electric vehicles, particularly in the heavily polluted cities. The aim of automobile engineers must be to achieve these new limits at the lowest possible costs. As the prime requirement is the significant reduction in emissions during the cold start, passive catalytic converter systems located close to the engine represent an expedient solution [1, 2, 3] . Improving the hightemperature stability of the catalytic coatings has provided the basis for such a solution. In order to provide the required catalytic effectiveness in spite of the prevailing space restrictions, new, high cell-density, thin-wall monoliths have been developed by the catalyst support manufacturers. In addition to catalytic effectiveness, the durability of such systems is also of special importance. In parallel with the emission limits, the requirements for durability have also been tightened, increasing in the USA, for example, from 100 000 miles and 10 years to 150 000 miles and 15 years. The life times of catalytic converter systems can be viewed in terms of catalytic effectiveness and mechanical stability of the substrate. Long term catalytic effectiveness is dependent on the active coating and on the functions of the subsystems, such as air/fuel ratio control, exhaust gas recalculation, secondary air pumps and the various sensors. On top of the more stringent emission legislation targets which require complex solutions, the development time for new models becomes shorter and shorter. In order to get as early as possible information about mechanical durability of the catalyst system, even if the total powertrain of a new model is not yet available, new component tests have to be developed to deliver first data regarding the necessary design of the catalyst system. This paper will be concerned primarily with the mechanical durability of catalytic converter systems.
EXISTING DURABILITY REQUIREMENTS
In order to ensure durability, a distinction is made in the automobile industry between component tests, engine test bench tests and vehicle endurance tests. According to the FMEA, final assessment of mechanical durability can only be carried out on the basis of tests with original configurations. This means, for example, that the engine and the engine management system must correspond to the future series production engine for the purposes of engine bench testing. The same applies to the mechanical engine and exhaust system substrates. However, because of the rate of development which is required today this level of definition is generally attained relatively late in the development phase of the powertrain.Development feedback loops have become practically unfeasible. Consequently, components have to be designed in advance, on the basis of only a small scope of test data. A significant degree of support is provided by simulation here, with the aid of which it is possible to calculate flow distributions or gas pulsations of new designs without calibrating the software tools, for example. The component manufacturers incorporate this limited scope of data in new designs. The so-called component tests are thus acquiring increasing importance. The manufacturers of substrates for catalytic converters are consequently acquiring the status of direct partners to the automobile manufacturers, with their own development capabilities.
The component tests which are known today and on which information has been published are as follows:
HOT SHAKE TEST, HST
This is a mechanical hot shake test in which the catalytic converter is heated, generally by means of a burner, and subjected to mechanical stress with a vibrator. The HSTs which are applied today can be summarised as follows [4, 5, 6 
INNER THERMAL CYCLING TEST, ITC
The thermal shock test is intended to simulate the cyclic thermal loads which occur in actual operation. The primary focus here is on the loads resulting from the differences in temperature between the monolithic structure and the converter housing, or canning. The ITC tests which are conducted today by the substrate manufacturers, converter manufacturers and automobile manufacturers can be summarised as follows: [ Tests which overlap with these component tests are conducted in some instances, according to the individual company specifications.
ENGINE THERMAL SHOCK TEST
The thermal shock test on the engine test bench is generally carried out on a reference engine and demonstrates the overlapping effects of the individual loads. An engine thermal shock test can be specified as follows: [12, 13] Speed / load: Speed and load are set to the maximum temperature which is attainable up-stream of the catalytic converter (850-950°C) Cycle:
10 min. maximum load, 10 min. no load or engine OFF.
Figure 2: Test Description
The question is now whether the component tests and even the ITC with a reference engine which are known today also constitute reliable sources of information for future catalytic converter systems of new applications located close to the engine, or whether these tests must to be adapted to the new conditions.
LOAD ON CATALYTIC CONVERTER SYSTEMS LOCATED CLOSE TO ENGINE

VIBRATION LOAD
Both the acceleration rate and the vibration frequency are of interest with regard to vibratory stress. The acceleration rate causes axial and radial forces according to the equation
The excitation frequency itself imposes stress on the catalytic converter only when the self resonant frequency and the excitation frequency overlap. In such cases the system may begin to vibrate when a sufficiently high rate of acceleration is applied in conjunction with inadequate damping, and this vibration may ultimately result in self destruction of the system. The following diagram shows the acceleration loads involved in various catalytic converter applications as a function of converter position. In addition figure 3b represents the distribution of different applications in terms of mechanical and thermal loads. It is clear that an increase in the vibration load occurs when the catalytic converter system is moved in the direction of the engine. A comparison of the load on a 4-cylinder engine with classic underfloor converter and a converter located close to the engine, for example, reveals an increase of 40 g to over 120 g. Peak values of up to 200 g have been measured, depending on the engine type. These loads occur in all directions in the vehicle according to the installation set-up, which means, they also occur radially to the flow direction. While a maximum of 2000 Hz was measured in the classic underfloor position, this frequency rises to over 6000 Hz in the case of installation close to the engine. Due to these findings, canned catalytic converter systems should be assessed by means of "Speckle Interferometry", for example, prior to being deployed in vehicles. "Speckle Interferometry" enables relative movements of the converter structure itself or in relation to the converter to be measured as a function of the excitation frequency [14].
THERMAL SHOCK
With regard to thermal shock, a distinction is made between positive thermal shock in the case of vehicle acceleration and negative thermal shock in the case of deceleration. Maximum negative transients occur in the case of full-load thrust, for example. This load is transmitted via the exhaust gas temperature. It is well understood that the temperature transients are weakened in the underfloor position as a result of the damping masses of the exhaust system in front of the converter. However, the effect of the gas temperature transients in front of the catalytic converter on the converter itself is dependent not only on the temperature, but also on the mass flow of exhaust gas, the heat transfer conditions, the converter cross-section and the thermal mass of the converter. This results in an area-specific load. Typically, the load is measured in the converter carrier at a position 10 mm behind the face at the gas inlet surface, in the radial center. The actual temperature load results from the rate of temperature change. To measure the influence on the catalytic substrate the temperature change of the gas has to be applied over a long period. Changes of several milliseconds in duration, for example, do not possess sufficient energy to influence the substrate temperature, which is damped by the substrate's thermal mass. For this reason, the 1 st derivative of the gas temperature is determined as a mean value over a time span of 2 seconds. The following two diagrams show the determined 1 st derivative of the temperature characteristics from figure 5. Maximum loads of 5500 K/min positive transient were evaluated for the engine with the large displacement (2.5 l). In contrast to the highest negative transients was found for the small engine displacement.
GAS PULSATIONS
Gas pulsations occur during operation of an engine due to the exhaust operation of the individual cylinders. In contrast to underfloor position, when the converter is positioned close to the engine these pulsations are transmitted to the converter virtually without damping. The very high flow speeds which briefly apply can lead to resonance excitations of the cell structure and erosions of the matrix or the bedding systems (ceramic mat).
As the component tests on exhaust gas simulators are carried out on burner systems, this load factor is not considered or measured.
NON-UNIFORM LOAD (FLOW DISTRIBUTION)
A linear, concentric set-up is usually selected for the component tests. This leads to a uniform, radially graduated flow distribution in the test converter. Linear flow is rarely possible in real applications, due to the restricted space conditions which apply in the engine compartment. Angle flows and extremely short cones behind manifold pipe junctions are common. It can be seen that the worse flow distribution leads to mantel matrix separation of the metal catalyst whereby the converter with a uniform flow distribution shows no damage at all.
TEMPERATURE PEAKS
When the vehicle is in motion, the evaporating fuel film on the wall in the deceleration phase (fuel cut off) frequently leads to brief HC peaks in conjunction with a lean mixture. These HC peaks are not burned in the combustion chamber, but undergo a catalytic, exothermic reaction at the catalytic converter [16] . In addition to the quality of engine management, an additional factor determining the HC concentration is the length and "quality" of the fuel cut-off phase. Figure 10 shows the HC concentrations measured during the fuel cut-off phase in various applications, using a fast FID. HC concentrations well above 10,000 ppm are possible when non-optimised control equipment is in use.
Figure 10: HC peaks for various applications during the deceleration phase
The hydrocarbons react in the fuel cut-off phase because of the low mass flow rate, in the front area of the catalytic converter, leading to temperature peaks which may damage the catalytic coating and subsequently the effectiveness of the converter, as well as the substrate. Apart from the HC concentration, additional factors which determine the level of the temperature peaks are the effectiveness and the thermal mass of the catalytic converters. New substrates with high cell-density and low thermal capacity are subjected to substantially higher levels of stress. Such fuel cut-off phases can only be reproduced on dynamic engine test benches. However, as the concentration of the HC peaks is also heavily dependent on the engine and engine management, the representative value of results provided by a test with a reference engine is limited.
Taking all these results into account it is clear that the level and it kind of stress on the catalytic converter dependent on the application. Unfortunately there are no real low stress and high stress applications. For example car A has very high thermal shock load but low acceleration and car B has high acceleration in combination with high temperature.
DEVELOPMENT APPROACH
As the stress levels measured in various applications presented in section 3 illustrate, it is difficult to specify a "Universal Test". In addition, the aims of the development of the respective automobile manufacturers also differ. Apart from the cost-optimised development of main catalytic converters positioned close to engines, compromises such as a starting/main converter arrangement or even optimised underfloor converters with active heating are also being pursued. It would thus be quite impractical to carry out an extreme "universal" component tests for all vehicle and engine types, or to design only one expensive catalyst. A more important requirement initially is to design a "Base" test and carry out the exhaust system development process in accordance with the FMEA in order to get good information about the needed catalyst design as early as possible during the development phase of a new car model. The following actual stress levels should be measured prior to beginning the tests, so as to adapt the existing "Base" component tests where appropriate. These results will provide necessary parameters to create specific component tests to modify the base component test by modifying the application depending on real loads. By doing this the traditional component test will take over a part of the role of the engine test bench tests.
NEW BASE COMPONENT DURABILITY TEST (BCD-TEST)
The stress factors which apply in the underfloor position and in positions close to the engine have long been known. A new aspect, however, is the position extremely close to the engine in conjunction with extreme efficient cell-density substrates with ultra-thin walls and thus minimal thermal mass.
As it is unlikely that in the beginning of the development of a new engine or car model all relevant stress factors are known or can be measured on the depent application, a base component test has to be specified which can be adapted to the reality as soon as real stress factors are known.
The new "Base" test has already taken into account the average stress of underfloor and close coupled catalyst applications. Out of the measured real loads of several different applications this new test was created. Because hot shaking in multiple axes and thermal shock always occur in real applications the new test superimposes these loads. In addition absolute temperature , flow distribution and temperature peaks are specified and can be adapted to the real application if needed as the acceleration and thermal shock load. In addition to the specified component test, engine test bench and car durability test has to be done as soon as a real engine is available.
5.SUMMARY
The comparison of the stress levels in existing component tests with the actual stress levels to which modern catalytic converter systems positioned close to the engine are subjected. The need of the car industry for an early representative component test has demonstrated the need for new, more stringent tests. As it is not possible to define one universal test to cover all applications a "Base" Component Test with an average stress level was developed. However, it is of vital importance to determine the actual stress levels as early as possible in the course of the development process. For the mechanical and chemical durability of a catalytic converter beside the traditional vibration and thermal shock loads all occurring loads like -HC Peaks -Uniformity Index -Excitation Frequency are of major importance.
With the help of this real loads the "Base" Component Test can be adapted to the actual stress factors of each real application. Even if a representative component test is available, it remains vitally important that engine bench and car tests be carried out on the actual engine design, engine management and vehicle, however, in order to examine not only the engine-specific stress factors but also the bending and creep stress which will apply to the seriesproduced design. Component tests can only represent a general testing mean, as specific stress factors resulting from variations for specific applications cannot be covered.
